Fig. 1. Conceptual framework of current use of BIM (devised by the authors based on the literature)
BIM is thought to provide significant enhancements in detailing [30] , visualisation and simulation [23] , clash detection [30] , and improved project performance in terms of coordination and communication [45] . When generating layouts or designing details, BIM allows its users to annotate building components with data/parameters which can be used for analysis to meet sustainable design requirements [87] . Architects and engineers have used visualisation and simulation within BIM to improve their knowledge of design and increase their spatial cognition [42] . It is important for project team members to evaluate the design via visualisation and simulation in BIM during early design stages [88] . The enhanced coordination and communication for collaborative working processes within BIM can determine the success of the project CWM decision making during design, with the consequences for action articulated in a resulting BIM-aided CWM framework. The research methodology included two data collection instruments: a questionnaire survey and a face-to-face semi-structured follow-up interview. The questionnaire survey assisted in exploring the potential of BIM for CWM during design, which was divided into six sections comprising a total of 14 questions. The UK top 100 architectural practices, as listed in 2010 Building Magazine [12] , were selected as the sample for this research to capture their views on the potential use of BIM to reduce construction waste during design stages. The questionnaire survey achieved a 50% response rate. The findings of the questionnaire were used to further investigate the relationship between BIM and CWM through face-to-face semi-structured interviews that engaged 11 questionnaire respondents. The sampling approach of the interview was based on the selection of participating architects who indicated that they routinely use BIM to enhance sustainable building design in their projects, and so was determined by the questionnaire results.
A BIM-aided construction waste minimisation (BaW) framework was designed and developed based on findings from literature review, questionnaire, and interview. The BaW Framework was intended to act as a BIM-aided CWM decision making process across all design stages. The BaW Framework was industry reviewed through a validation questionnaire and face-to-face semi-structured interview, involving six participating architects from previous data collection stages. They were purposely selected for the BaW Framework review process owing to their experience of sustainable building design practices through the use of BIM in building design projects.
Subsequently, statistical descriptive analysis and means comparison analysis using SPSS V19 were adopted for the quantitative questionnaire data; and content analysis was adopted for the qualitative interview data. The questionnaire respondents were divided into two groups according to their experiences: Group A (28 responding architects) had used BIM for sustainable building design, whilst Group B (22 responding architects) had not.
Results
The results of the questionnaire survey and interview related to current BIM design practices and their potential for reducing construction waste generation, BIM potential to address construction waste causes, and BIM potential for CWM throughout building design stages are presented in the sections below.
Current BIM design practices and their potential for reducing construction waste generation
The questionnaire respondents were asked to rate the extent to which BIM was used for specific activities during design stages, using a scale of 1-4 (1=never used, 2=used in few projects, 3=used in most projects, 4= used in all projects). The results in Table 1 show that responding architects used BIM for visualisation and simulation; improving project performance in terms of coordination and communication, clash detection, and detailing in most of their projects. Further, there is no statistically significant difference between the mean scores of Group A and Group B responses on the use of BIM for assisting design activities in their projects, such as visualisation and simulation, improved coordination and communication, detailing, checking compliance with codes and regulations, and sourcing/supply chain. The Two-Tailed Significance (Sig. (2-Tailed)) values of the Independent Samples T-test for Equality of Means between the two groups are greater than 0.05, as shown in Table 1 . The difference is likely due to chance or sampling error. The interview participants further described their use of BIM for these activities. They reported that BIM is generally implemented throughout each design stage to generate the 3D model set, including the shared 3D model (common model), which is associated with 3D parametric modelling, as shown in Fig. 2 .
3D Model Set

BIM Processes
Rendering from models (Frame, Sequence, and 3D walk through) The interviewees reported that the use of BIM in their current projects is important in terms of maintaining a high quality of design and providing insights into positive impacts of the activities on on-site construction waste generation, as shown in 
Improved coordination and communication through BIM
Effective and efficient multi-disciplinary design leading to less on-site waste
BIM potential to address construction waste causes
The questionnaire respondents were asked to rate the potential impact of BIM to address construction waste causes during building design, using a scale of 1-4 (1=no potential, 2=low potential, 3=significant potential, 4=high potential). The results are shown in Table 3 The interviewees agreed that a BIM process using the right standard ensures effective coordination and communication between project team members during multi-disciplinary design. Half of the interviewees stressed that the top-down management structure for the standard BIM process implementation into a project is essential to enable effective CWM coordination and communication through multi-disciplinary BIM-focused design. Additionally, a third of the interviewees emphasised the importance of the design and project review process, which improves multi-disciplinary coordination and communication in order to locate the best opportunity for waste reduction. Furthermore, half the interviewees held the view that the use of a document management system-associated BIM database system, such as Newforma, strengthens management methods. On the other hand, coordination and communication through a shared 3D common model and design/project reviews can be enhanced by coordinated design documentation, which reduces waste caused by lack of coordination of detail design.
BIM was deemed to have a significant or major effect on addressing design changes by questionnaire respondents, as shown in Table 3 . This was further explained by all interviewees who shared the view that design changes made by the client during site operations could be avoided through BIM-facilitated design. Three quarters of the interviewees went further by highlighting another benefit associated with the use of BIM to address client-led changes. They argued that 3D parametric modelling (model coordination and simulation within BIM) would allow designers to quickly establish changes that would impact upon the project by optimising the design in coordination with others. Similarly, one third of the interviewees suggested that the document management functionality associated with BIM for communication and coordination ( Fig. 3 ) could help manage design changes efficiently during construction to reduce consequential construction waste during site operations.
BIM potential for construction waste minimisation throughout building design stages
The questionnaire respondents were asked to rate the potential impact of BIM to address construction waste throughout each of the pre-construction RIBA Plan of Work stages from Appraisal to Tender Action using a scale of 1-4 (1=no potential, 2=low potential, 3=significant potential, 4=high potential). The results are shown in Table 4 The questionnaire results revealed that BIM was not frequently used in building design in general and for CWM in particular, where only 28 out of 50 responding architects (all Group A respondents) had used BIM for sustainable building design. However, there was agreement between Group A and B respondents that BIM has great potential to facilitate waste minimisation. Moreover, the Concept, Design Development, Technical Design and Production Information stages were thought by both responding groups to be the phases where BIM had the most significant potential to minimise waste than other stages, as shown in Table 4 .
Two thirds of the interview-participating architects held the view that BIM has the potential to minimise construction waste throughout the Briefing stages (Appraisal and Design Brief) through visualisation and simulation allowing for better communication with the client; fitting the high-level sustainability needs of the client, including feasibility studies; and assisting with decision making for strategic brief development. About half of the interviewees commented that high-level sustainability studies have an impact on CWM in terms of seeking opportunities to minimise construction waste and capturing sustainability needs of the client. Nearly one third of the interviewees further suggested that the management setup plan for BIM is critical to enable high-level sustainability studies in order to communicate the findings to clients. On the other hand, a fifth of the interviewees argued that the potential to minimise waste through BIM at Briefing stages is limited, because the design is loose at this stage. This may explain why the mean values of potential impact of implementing BIM for CWM during the Briefing stages of both responding Group A and Group B architects in the questionnaire results are close to 2.0, which is low potential, as shown in Table 4 .
Four fifths of the interviewees strongly agreed that the Concept and Design Development stages offer the greatest opportunities to minimise waste through BIM. They suggested that during the latter stages, BIM could help minimise construction waste by assisting early design decisions to prepare and develop design concepts through 3D parametric modelling, shared 3D common model enhanced coordination and communication, clash detection, and visualisation and simulation. As such, architects could make waste-related decisions earlier through a BIM platform. One fifth of the interviewees agreed that the project brief could be developed efficiently by using BIM for energy efficiency to subsequently influence the development of waste minimisation. However, the uniqueness of design creativity during the Concept stage is important to the building design so that it may harm the CWM through BIM, as one of the interviewees argued that architects dislike to be limited in concept design by BIM modelling in terms of waste minimisation, which could explain why the mean values of potential impact of implementing BIM for CWM in the stage of both responding groups within the questionnaire results are less than 3.0, as shown in Table 4 .
All interviewees made it clear that the potential of using BIM to facilitate CWM throughout the Technical Design and Production Information stages could potentially facilitate technical design decision making and production information by detailed modelling and coordination, efficient specification of material, improved communication and collaboration, and simulation. Nearly three quarters of the interviewees emphasised that the use of BIM allows designers to produce coordinated construction details, enabling them to assess the impact of design decisions on construction outputs through simulation. Nearly half of the interviewees suggested that detailed model coordination (for Technical Design and Production Information between designers and the main contractor, sub-contractors, and specialist contractors) is key to effective CWM coordination and communication. Importantly, a third of the interviewees stressed that clash detection for detailed model coordination eliminates design and construction detail errors, which in turn minimises waste. Furthermore, half of the interviewees argued that material and product specification through BIM could influence construction waste reduction performance. As such, specification links the information to materials and components on the market through BIM, which helps predict waste performance targets. However, in some cases, the nature of the building design project (where designer-led development of the BIM model will end at the end of the Design Development stage when the client signs off the contract) could negatively affect the impact of implementing BIM for CWM during the Technical Design and Production Information stages. As such, the ownership of the detailed and coordinated BIM model during these stages should be allocated to the lead designer rather than the contractor in terms of coordination with the construction model, to minimise waste influenced by design because, as an interviewee suggested, the as-designed model owned by the lead designer can always affect the construction model during construction.
BIM-aided construction waste minimisation (BaW) Framework development
The rationale of the BaW Framework was to use BIM as a vehicle to assist with CWM decision making during building design. The development of the BaW Framework was based on key findings from the literature review, questionnaire and interview results, as shown in Fig. 4 , to address construction waste causes ( 
Appraisal and Design Brief stages
Six specific CWM improvements related to briefing requirements are indicated during the Appraisal and Design Brief stages, as shown in Fig. 6 . These improvements are designed to address waste causes, as listed in Table 5 , such as early contractor involvement, CWM target setting, CWM responsibilities establishment, conducting CWM feasibility studies, agreement of BIM process for effective coordination and communication, and creating simple mass model for capturing the client's sustainability needs. These improvements ensure that CWM-related issues and an agreed BIM process would be established and fully embedded in the Appraisal and Design Brief stages.
Concept and Design Development stages
The results of the interview indicated that the process of using BIM could assist CWM decision making at the Concept and Design Development stages through parametric modelling-enhanced CWM coordination and communication. As illustrated in Fig. 5 and Fig. 6 , processes of BIM-aided CWM decision making during the Concept and Design Development stages are facilitated by BIM setup, parametric modelling, and waste minimisation evaluation. These improvements are associated with the identified construction waste causes in Table 5 . The proposed BIM database provides BIM-aided CWM knowledge management and a platform for enhancing coordination and communication.
Technical Design and Production Information stages
The interview results revealed that the potential use of BIM to aid CWM during the Technical Design and Production
Information stages is to facilitate CWM decision making, in terms of detailing, specification, and scheduling. This is achieved through a number of design activities within the BIM-enhanced environment. These activities include detailed modelling and coordination, efficient specification of material, improved coordination and communication, and simulation.
Furthermore, the interview results suggested that coordination of the detailed 3D parametric model, which is produced from a BIM-enhanced material and product specification detailing process, is key to the decision making that can have a great impact on CWM in terms of 'level of detail (LOD)' for a better understanding of the relationship between design and construction. The BIM process includes Technical Design and Production Information parametric modelling that aims to update and coordinate architectural, structural, and services models from the Design Development stage, along with models from contactors and sub-contractors for creation and subsequent updating of the Smart Shared Design
Development (SSDD) model of Technical Design and Production information. This in turn facilitates the Technical Design
and Production Information virtual waste minimisation evaluation process to minimise construction waste during design.
Low-level BIM-aided construction waste minimisation (BaW) Framework
The 
BIM knowledge management and coordination database
Select and produce an optimised Concept design which embeds the least virtual waste generation for each design concept
Concept design model 1
Architectural components e.g. walls; roofs; etc.
Concept design model 2
Concept design model N
Architectural model
Structural model
Structural components e.g. rods; beams; etc.
Services model
Services components e.g. pipes; ducts; etc.
[1] For detailed description of Concept design virtual waste minimisation evaluation, please see Figure 8 .
[2] For detailed description of Design Development virtual waste minimisation evaluation, please see Figure 9 . the preparation and development of design concepts: improved coordination and communication, visualisation and simulation, detailing, and clash detection. These BIM-driven design activities could be used to address coordination and communication-related construction waste causes (Table 5) , such as design changes, lack of attention paid to dimensional coordination in design, design complexity and material specification, and unclear specification of material.
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Low-level BaW Framework Concept design and associated evaluation process
Low-level BaW Framework Concept design
Prior to the commencement of the Concept stage, the initial BIM setup should be established as the basis for effective coordination and communication through three main activities: defining responsibility and ownership of the model, defining the LOD input and output of the model during each design stage, and agreeing on a project BIM database structure and components, as shown in Fig. 7 .
The interview results indicated that design decisions not fully evaluated during the Concept and Design Development stages are most likely to trigger design changes during construction. This is also accentuated by ineffective coordination and communication, including failure to identify the needs of the client, which causes on-site client-led design changes.
The BIM-associated design activities are intended to minimise construction waste during the design process. This ensures better decision making for selecting and producing an optimised concept design that embeds the least 'virtual'
waste generation for each design concept upon completion of the Concept stage. The process involves Concept design 3D parametric modelling to address difficulties in resolving design issues of architectural complexity when creating various concept design models; and Concept design 'virtual' waste minimisation evaluation. Architectural components, such as walls and roofing, are created by implementing 3D parametric modelling techniques for each model design concept.
Subsequently, each concept design model will be evaluated to assess its 'virtual' waste minimisation performance. The
BaW Low-level Framework component related to the evaluation of Concept design virtual waste minimisation is discussed below.
Low-level BaW Framework Concept design evaluation process
Architectural components of each concept design model are generated through the use of a low-detailed architectural model to check material standardisation for dimensional coordination. Based on these architectural components, material outline specifications can be applied to the components in each concept design model via five specific steps, whereby component material thicknesses are identified. These steps are locating component layer, creating material for layer, creating material surface pattern in line with outline material specification, setting the material surface pattern repeat, and assigning the material to the component layer. These are in turn followed by two steps of qualitative analysis exercises by means of visualisation from outline specifications, as shown in Fig. 8 . Such qualitative construction waste analysis exercises are conducted to ensure model components or material outline specifications are reviewed to satisfy minimisation of waste surface areas for the quantitative estimation of total virtual waste generation from each concept design model. 
CRvw1 = SVC1 / CAf1
Subsequently, a report on Concept design 'virtual' waste evaluation is produced based on the evaluation results for decision making to select the Concept design that generates the least 'virtual' waste.
Based upon the results of these models, BIM-aided CWM improvements would address design-related waste causes, as shown in Table 6 . Related information to the BIM-facilitated Concept design process is uploaded to the BIM knowledge database for continuous knowledge capture and information management, which is used to enhance CWM communication.
The selected and optimised architectural model that generates minimum 'virtual' waste from the Concept stage would be used and further developed during the Design Development in partnership with other design team members. This facilitates collaborative design team decision making, which ensures that CWM has been fully considered and evaluated through modelling, simulation, coordination and communication. The results of the decision making process would also help sign off and freeze the Design Brief.
Low-level BaW Framework Design Development and associated evaluation process
Low-level BaW Framework Design Development
Design Development 3D parametric modelling is used to resolve design issues of architectural, structural, and services design complexity. It merges multi-disciplinary models from the architectural design, structural design, and services design into a coordinated SSDD model. This is used for Design Development 'virtual' waste minimisation evaluation to address design-related construction waste causes, as shown in Table 6 .
The separate structural and services models are based on the architectural model, which has been updated from the selected and optimised Concept Design model. All the model's components are constructed through the use of 3D parametric modelling techniques, which keep changes predictable and coordinated during the design process. All three models are assembled as an SSDD model which contains architectural, structural, and services model component. On the basis of the SSDD model, the BaW Low-level Framework comprises six actions for the evaluation of 'virtual' waste minimisation during the Design Development stage, as shown in Fig. 7 . These actions are discussed in the section below, which include conducting automatic clash detection to eliminate inconsistency between architectural, structural, and services models; applying material outline specifications to architectural, structural, and services area model components; conducting analysis exercises from material outline specification of architectural, structural, and services model components to evaluate and minimise the material and component wastage coordinated with SSDD model; estimating total virtual waste generation for each SSDD model component; producing a Design Development virtual waste minimisation report; and updating BIM database.
Low-level BaW Framework Design Development evaluation process
The interview showed that the use of BIM for clash detection, detailing, and visualisation and simulation to assist design decision making, can help in reducing construction waste by avoiding design changes during the construction stage.
In terms of addressing design coordination errors, automatic clash detection should be conducted to inspect design coordination and check for inconsistency between architectural, structural, and services area models. Thus, a fully checked and coordinated architectural, structural, and services model component is established to apply material outline specifications. This would facilitate the use of materials through the specified five steps related to individual model components of architectural, structural, and services area models, as shown in Fig. 9 . These steps comprise locating each Subsequently, a report on Design Development 'virtual' waste evaluation would be produced based on the results of the estimated total virtual waste generation; Thereafter, the BIM database would be updated for successful project coordination and communication. This facilitates the decision making as to whether the Design Development stage has been efficient in terms of attaining CWM target set in briefing requirements, Fig. 6 ; otherwise, Design Development processes should be revisited and reviewed. An industry review was carried out to test the BaW Framework in terms of clarity of structure, appropriateness of content, and clarity of flow; and formulate an implementation strategy. The industry review process involved six interviews with architects who had participated in the previous questionnaire and interview stages.
Industry-reviewed BaW Framework
All participating architects agreed that the BaW Framework was clear, as shown in Table 7 . The interviewees recommended a number of helpful suggestions, which were taken into consideration to refine and enhance the BaW Framework. These are: 
BIM knowledge management and coordination database
Concept design model 1
Concept design model 2
Concept design model N
Architectural model
Structural model
Services model
[2] For detailed description of Design Development virtual waste minimisation evaluation, please see Figure 9 . Nearly all the industry-review participants believed that the BaW Framework could be implemented in line with the RIBA BIM overlay, since this could be used as architects' BIM implementation plan for their design projects. Two thirds of the interviewees reported that the BaW Framework could certainly be applied to all procurement systems and building types because of its detailed outlined process for each building design stage. However, the responsibility of design changes should be clearly identified and written into the employer's requirements for Design and Build contracts. This was deemed important because contractors have control over the design process. Moreover, all interviewees collectively suggested that the BaW Framework could be implemented within environmental assessment methods, such as BREEAM, to improve construction waste-related ratings. Furthermore, nearly all interviewees indicated that the responsibility of the BaW Framework implementation should be allocated to the person who is involved in the project at both management and technical level, such as the lead designer. Two thirds of the interviewees further suggested that the development of a computer programme to facilitate 'virtual' waste estimation within the BaW Framework could improve the Framework after its implementation. The computer programme could be third-party computer software plug-ins to current BIM packages, a simple Microsoft Excel spreadsheet with well-written content, and even a 'Waste-factor (W-factor)' concept for waste evaluation calculation as a percentage of construction waste generation of building materials based on data from previous projects.
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Discussion and conclusions
There is an agreement in the literature on the potential use of BIM for CWM during design stages, including BIM-aided coordination by reducing conflicts between disciplines [45] ; reducing rework [23, 30, 54] ; clash detection for error reduction [50] ; enhancing communication and integration [30] ; increasing the ability to quantify and test numerous design options of varying waste reduction performance [23] ; and improving the quality of knowledge for CWM decision making [54] . The limited yet growing research in the field covers BIM-enhanced coordination for CWM [1] , BIM-enhanced design waste minimisation [57, 65, 85] , BIM-enhanced on-site waste management [32, 53, 64, 73] , and BIM-enhanced demolition waste management [15, 31] . However, there is a complete absence of research on the development and review of tools and methodologies that use BIM to support CWM decision making during design. Additionally, no research attempts were made to relate the use of BIM to construction waste causes. As such, research reported in this paper proposed an integrated BIM-aided CWM process that addresses construction waste causes across design stages through BIM-enhanced design activities; and provides CWM performance consideration and evaluation across each design stage, to support architects to make informed CWM decisions in their projects.
The BaW Framework has been designed to be consistent with BS1192: 2007 [10] , PAS1192-2: 2013 [11] , and Bew-Richards's Level 2 BIM [5] with interoperable data for integrated collaboration within BIM knowledge management and coordination database environment. Hence, the BaW Framework has the capability to be implemented across Level 2 and Level 3 BIM, and could be further enhanced by developing the virtual waste evaluation component of the Framework into a computer programme, such as 'Waste-factor (W-factor)', as shown in Fig. 12 . Further, based on the BaW Framework, the concept of Waste Information Model (WIM) has been added to the current BIM family, as shown in Fig. 12 .
Moreover, strategic CWM improvements were embedded within the briefing requirements during the Appraisal and Design Brief stages for CWM decision making in the High-level BaW Framework, as shown in Fig. 10 . Hence, CWM implementation during the Briefing stage of the industry-reviewed High-level BaW Framework is also suitable for non-BIM practicing architects. Furthermore, the BaW Framework was structured in line with the RIBA Plan of Work stages, where the process of using BIM is outlined to aid waste reduction. As such, the implementation of the BaW Framework can enhance both the 'RIBA Green Overlay' and 'RIBA BIM Overlay' in the building design industry. The research has extended the exciting knowledge towards a clear understanding of the correlation between construction waste causes during each design stage and BIM potential for improving CWM, leading to the development of the BaW Framework. The BIM potential for improving CWM included BIM-enhanced design-related activities (e.g. detailing, clash detection, visualisation and simulation, and coordination and communication) for reducing construction waste generation;
BIM for addressing construction waste causes; and BIM potential for CWM in line with current architects' practices of BIM-assisted energy efficiency throughout building design stages. The industry review process revealed that BaW
Framework provides an integrated CWM decision making process during design, which could be implemented within the RIBA BIM Overlay and environmental assessment methods, and is suitable for any type of building or procurement system. Finally, the BaW Framework could be adopted and customised by other building design disciplines, such as structural and building services design.
